The 3-dimensional crystal structure of glutathione S-transferase (GST) of Schistosoma japonicum (Sj) fused with a conserved neutralizing epitope on gp41 (glycoprotein, 41 kDa) of human immunodeficiency virus type 1 (HIV-1) (Muster T et al., 1993, J Virol 67:6642-6647) was determined at 2.5 A resolution. The structure of the 3-3 isozyme rat GST of the/z gene class (Ji X, Zhang P, Armstrong RN, Gilliland GL, 1992, Biochemistry 31:10169-10184 ) was used as a molecular replacement model. The structure consists of a 4-stranded/3-sheet and 3 c_-helices in domain 1 and 5 c_-helices in domain 2. The space group of the Sj GST crystal is P432_2, with unit cell dimensions of a = b = 94.7 A., and c = 58.1 ._.. The crystal has 1 GST monomer per asymmetric unit, and 2 monomers that form an active dimer are related by crystallographic 2-fold symmetry.
In the binding site, the ordered structure of reduced glutathione is observed. The gp41 peptide (Glu-Leu-Asp-Lys-Trp-Ala) fused to the C-terminus GSTs from a variety of organisms have been identified and characterized (Hiratsuka et al., 1990; Dominey et al., 1991; Meyer et al., 1991; Mannervik et al., 1992; Trottein et al., 1992; Mignogna et al., 1993) , including the detection in a wide range of parasitic helminths . Cytosolic GSTs of the genus Schistosoma participate in the immunogenicity to the vertebrate host and have been suggested as potential components of a vaccine against schistosomiasis (Capron et al., 1987; Sher et al., 1989) . In addition, the development of a gene expression system employing the GST from Schistosomajaponicum (Sj) allows the fusion of a protein or protein fragment to the C-terminus of the enzyme (Smith & Johnson, 1988; Fainsod et al., 1991; Men6ndez-Arias et al., 1992; Oshima-Hirayama et al., 1993; Slany et al., 1993) . The fusion peptide or protein is coupled to GST through a linker that can be cleaved by a specific protease, thus providing a useful sys- tem for cloning, expressing, and purifying the desired protein or peptide product by glutathione-based affinity chromatography.
A number of crystal structures of mammalian GSTs complexed with a variety of ligands in the active site have been recently determined (Reinemer et al., 1991 (Reinemer et al., , 1992 Ji et al., 1992; Sinning et al., 1993; Garcia-Sfiez et al., 1994 et al., 1992 , 1993 Manoharan et al., 1992; Ji et al., 1993 Ji et al., , 1994 .
In this article, the 3-dimensional crystal structure of Sj GST with a C-terminal fusion peptide and reduced glutathione in the active site is described and compared to the 3 previously determined GST structures from the mammalian gene classes, c_ from human (Sinning et al., 1993) , _ from rat (Ji et al., 1992) , and _r from pig (Reinemer et al., 1991) . Because Sj GST shares a striking sequence homology with the mammalian/_ GST (Smith et al., 1986; Hughes, 1993) , this structural comparison reveals the shared characteristics of the amino acid residues in the glutathione binding site of both the vertebrate and invertebrate
GSTs. The sequence of the fusion peptide is Glu-Leu-Asp-Lys- (Carter et al., 1994) .
Results and discussion
Of 
Final model of the structure
The crystal structure of Sj GST with the gp41 fusion peptide at 2.5 A resolution is shown in Figure 1 and Kinemage 1. It is a monomer forming a perfect dimer by crystallographic 2-fold rotation ( Fig. 2 ). It shares similar characteristics with other GSTs: domain 1 (residues 1-84) is a typical GST folding pattern of /3_e_/_/3, and domain 2 (residues 85-217) consists of 5 c_-helices followed by a long stretch of loops ( Fig. 3 ). The summary of least-squares refinement parameters is shown in Table 1 . Also, the _-_b torsion angle plot for main-chain atoms is shown in Fig-Fig. 2 ure 4. The non-glycine residues with near-unfavorable torsion angles are Gln 66, which is involved in glutathione binding, Asn 143, which is in the loop between the c_-helices 5 and 6, and Glu 227 in the fusion peptide.
There are 2 cis-prolines at residues 55 and 201. Furthermore, a highly ordered glutathione 8,917 structure was determined in the binding site ( Fig. 5 ). The asym-7,622 metric unit has 126 water molecules, 30 of which do not have 0.227 direct interactions with the protein itself but with other water 0.219 molecules.
Most of the water molecules are found in the open region at the dimer interface, around the glutathione binding 0.020 site, and around the _-strands in domain 1.
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Omit maps showed that the residues of the main Sj GST struc-0.023 ture are well defined. These residues have low temperature fac-1.2 tors (4-15 ,_2) ( Fig. 6 ). Temperature factors for the fusion 0.034 0.269 peptide are relatively higher (15-30 _2). Electron density for the linking amino acids Leu 220 and Val 221 is not clearly de-1.300 fined; these are the residues with hydrophobic side chains that 1.950 are in the bulk solvent region. The electron density map indi-1.269 cares the possibility of alternative conformations for these 1.600 residues.
The gp41 fusion peptide is extended by the linker peptide (Ser- Sj GST. The relative increase in temperature factors for the C-terminal residues and fusion peptides reflects the higher mobility of this portion of the structure (Fig. 6 ). The same trend was also found in the refined structure of/_ GST.
Comparison of amino acid sequences and tertiary structures
Sequence alignment of Sj GST and rat/_ GST resulted in 92 residue pair identities, which is 92/217 = 42% (Fig. 3) . Also, there are amino acid pairings that may be considered homologous:
(1) Leu and Ile in 7 cases, (2) Glu and Asp in 5 cases, and
(3) Lys, Arg, and His in 6 cases. Thus, the effective sequence homology is (92 + 18)/217 = 51%. This percentage could be greater with more generous criteria, such as residues with similar polar side chains. The corresponding values for the comparison between Sj GST and c_ GST are 24% and 33%, and between
Sj GST and 7r GST are 27% and 32%.
The sequence alignment between Sj GST and/_ GST shown in Figure 3 also indicates the switching of side-chain polarities:
(1) positive and negative side chains in 5 cases, (2) positive and polar residues in 11 cases, and (3) to move one domain 2 to another for the best fit is about 1 A, that performed between c_ GST and the other 3 GSTs is more than 3 A.. This large difference in translation is mostly due to the fact that in c_ GST, the c_-helix 6 (and also c_-helices 7 and 8 that follow it) is separated to a much greater extent from the c_-helix 4, nearest and parallel to the 2-fold rotational axis for a GST dimer, than in the other GSTs.
The difference in Cc_ atom distances between the c_-helices 4 and 6 is about 1.2 A between c_ GST and the other GSTs. The rotation angle is also larger by about 2°when c_ GST is compared with the other 3 GSTs. Furthermore, another source of the structural difference is that the c_-helix 4 of Sj GST is curved by about 15°, whereas that of _ GST is almost linear.
Hydrophobic and hydrophilic interactions
A common hydrophobic interface between the dimer pair can be observed in all 4 GSTs. The residue in the loop after the c_-helix 2 is the conserved Phe 51 and nearby are the residues Leu 64 and Ala 69 that are at the end of the/3-strand 4 ( Fig. 3) . These residues face the residues in subunit B of the dimer pair, Ala 89, Met 93, Leu 94, and Phe 132. The sequence number and identity of residues that participate in this hydrophobic interaction differ slightly in the other GSTs, but the above-mentioned residues make up the core structure for the hydrophobic interaction There are other hydrophilic residues that are conserved in all 4 GSTs at key positions in the sequence. One of these is the residue Asp 151, which is at the beginning portion of the a-helix 6. Its side-chain atoms are observed to interact with the mainchain N atoms of Leu 142 and Thr 148, which are in the loop region after the long c_-helix 5. It would seem that the role of Asp 151 is to stabilize the loop region between 2 a-helices.
Indeed, a site-directed mutagenesis study showed that the aspartare at this position in 7r GST is important for thermostability of the protein (Kong et al., 1993) . Another amino acid with a similar configuration is Glu 87; it is at the beginning portion of c_-helix 4, and its side chain interacts with the N atom of Gly 83, which is in the 78-84 loop connecting the 2 domains of GST.
Furthermore, aspartate residues at the ¢/-turn in domain 1 are observed to make interesting interactions with other residues. The side chains of Asp 59 and Lys 77 interact with each other, and Asp 61 is close to Lys 86 of subunit B.
The C-terminal region of Sj GST (residues 213-217) essentially sits on the surface of domain 2. It is also close to the 33-35 loop, a shortened version of the 33-42 loop of/z GST, that links the /3-strand 2 and c_-helix 2 in domain 1. The amino acid residues of these 2 regions interact closely with each other. In Sj GST, -6, 14-22, 27-32, 56-59, 62-65, and 67-77 of Sj GST) were all superimposed, i.e., the monomer structures (subunit A) of t_, c_, and 7rGSTs were rotated and translated onto the Sj GST structure with respect to these aligned residues. Then the Ca atoms of a-helices of domain 2 (residues 85-110, 113-125,129-136, 149-164, 173-184, 186-192 Furthermore, Tyr 115 in t_ GST is shown to be an important residue for catalytic activity (Johnson et al., 1993) . The corresponding residue in Sj GST is Tyr 110, Tyr 105 in 7rGST, and Val 110 in c_ GST. The influence of this residue on catalysis in GSTs other than tz GST has yet to be determined.
Fusion peptide and antibody reactivity to Sj GST
The fusion peptide of gp41 forms a series of tight turns (Fig. 8 ;
Kinemage 1). Muster and coworkers (1993) showed that this peptide fused to Sj GST reacted with the Mab 2F5, which strongly suggests a recognizable conformation in solution.
Compared to a free peptide, the fusion peptide may be stabilized by favorable interactions with the surface of the GST protein. Computer modeling predicts that the sequence Glu-Leu-Asp-Lys-Trp-Ala is a part of an c_-helix (Gallaher et al., 1989) . Because only this short sequence was utilized in the fusion with Sj GST, the predicted structure may not be expected in the present crystal lattice.
Moreover, a recent structure of gp 120 peptide in an antibodyantigen complex also adopts a conformation of tight turns (Ghiara et al., 1994) . Once determined, the larger context of HIV-1 protein structures should help to clarify the conformational significance of these peptides.
The Sj GST has been identified as a specific target for the host immune response in resistant mice (Smith et al., 1986) . Although the anti-Sj GST antibody reactivity in infected humans has not been conclusive (Davern et al., 1990) , more work can be done to determine the neutralizing characteristics of the antibodies against Sj GST and other components in schistosomiasis. For example, one of the monoclonal antibodies employed (250-7) by Davern and coworkers (1990) has an epitope specific for the C-terminal residues of Sj GST (sequence GGGDHPPK).
In contrast, the binding by this antibody was weaker for the 26-kDa
Sm GST with the C-terminal residues GGGDAPPK. The change of amino acid from histidine in Sj GST to alanine in Sm GST presumably has a significant effect on the epitope recognized by the antibody. The location of the C-terminal residues of the Sj GST structure presented here is at the surface of the protein;
thus, these residues are accessible as epitopes for antibody recognition.
The binding specificity conferred by His 214 (and perhaps also by Asp 213) may indicate that the antibody-antigen interaction could be electrostatic in nature. Because the inhibition of these and other related GSTs would offer the possibility of combining chemotherapy and immunotherapy (Mitchell, 1989; Trottein et al., 1992; Capron & Capron, 1994) , additional
3-dimensional structural studies of the proteins from parasitic helminths would further enhance the development of a vaccine against the transmission of schistosomiasis.
Materials and methods

Expression and purification of Sj GST
The plasmid pGEX-2T was used to express the Sj GST fused with the gp41 peptide (Smith et al., 1986 (Smith et al., , 1987 Smith & Johnson, 1988; Muster et al., 1993 
Structure refinement
After the rotation and translation search, the secondary structure elements of the GST model were adjusted in the rigid body refinement performed with XPLOR program (Brfinger, 1991) .
Then initial side-chain changes were made after alignments of the amino acid sequences of Sj GST and/x GST (Fig. 3) . Direct changes were made for side chains similar in size and polarity such as Ile and Leu, and Met and Lys; other residues with pairings that did not share such characteristics were converted into alanines to produce the initial Sj GST model. Next, a simulated annealing calculation was performed with XPLOR using, reflections in the 8.0-3.0-A resolution range. Omit maps were calculated for appropriate replacements of side chains and adjustments of their geometries. Molecular graphics programs SI-DUS (Lim, 1994) and O (Jones et al., 1991) were used to make these changes.
Later, the resolution range was altered to include the 6-2.3-A data. As the refinement progressed, water oxygen atoms were assigned for electron density peaks greater than 3a on the Fo -Fc contour maps. The present Sj GST structure should be defined as one determined to 2.5 A resolution; although the diffraction data extended beyond 2.5 A resolution, Schistosoma japonicum glutathione S-transferase fusion protein 2243 less than 50% of the data were present in the higher resolution range. The final refinement of the Sj GST structure was performed with the restrained least-squares refinement program GPRLSA (Hendrickson & Konnert, 1980; Furey et al., 1982; Hendrickson, 1985) . To determine the structure of fused gp41 peptide, the main structure of Sj GST was held fixed and the C-terminal residues were allowed to move in the simulated annealing calculations.
Determination of the main Sj GST structure
The Sj GST and _ GST proteins share 42% amino acid pair identities and many other homologous pairs (Fig. 3) . One notable difference observed from the amino acid alignment is that Sj GST does not have a long loop that is present in _ GST (residues 33-42) in domain 1. Initial rigid body refinements performed without this loop resulted in the translation of as much as 1 A_ for some of the c_-helices, indicating that the tertiary structures of the 2 domains of Sj GST were different from those of t_ GST. Furthermore, the 78-84 loop connecting the c_-helices 3 and 4 was modified a few times before it was stabilized and showed a different spatial placement with respect to the 2 neighboring c_-helices than the corresponding 83-89 loop in tz GST. Subtle structural differences were also noted, as when residue 154 was not changed from isoleucine of _ GST into alanine by oversight during the first several rounds of refinement. Omit map for this residue position did not fit well for isoleucine.
During the initial stages of refinement, glutathione was not included in the model. However, F o -Fc electron density map clearly indicated its presence in the binding site ( Fig. 5A ). Glutathione was added, along with additional water molecules where appropriate. The presence of oxidized glutathione (2 glu-
